A microring resonator with the multimode interference coupler is fabricated on the polymer platform by using UV-based soft nanoimprint technique. A unique class of fluorinated polymer, perfluoropolyether (PFPE), is employed for the fabrication of the flexible soft mold. By optimizing the proportion between Ormocore and the thinner maT, the microring resonator is fabricated almost without residual layer. The fabricated device with a Q-factor up to 2.3 × 10 4 is demonstrated for very-near-infrared wavelengths, which shows high potential for sensing applications.
Introduction
Integrated optics has been playing important roles in the optics communication and sensing areas in recent years. Among different structures, microring resonators are the key and fundamental components as they can provide resonances with high Q factor and extinction ratio (ER). A variety of integrated optical devices have been reported based on microring resonators, such as filters [1, 2] , modulators [3, 4] , and lasers [5, 6] . Except for the applications in optical communication, microring resonators have also been applied in the sensing area [7, 8] . Because of the resonance effect, the sensitivity can be much improved. A microring resonator is normally composed of a microring and one or two straight waveguides which are used as input and output ports. Two kinds of couplers are used to couple the light between the straight waveguides and microring: directional coupler [9] and MMI (multimode interference) coupler [10] . The directional coupler is composed of two parallel waveguides, and the coupling efficiency can be adjusted continuously by changing the coupling length. However, since the coupling gap is very small, the fabrication is difficult. The MMI coupler is based on the self-imaging effect. It has advantages such as high fabrication tolerance and insensitivity to the wavelength and the polarization. However, it can just reach several fixed coupling ratios by adjusting the structure of the multimode waveguide.
Microring resonators have been demonstrated on different optical materials such as silicon-on-insulator (SOI) [11] , Si x N y [12, 13] , and polymers [14] [15] [16] . Compared with conventional inorganic materials, polymers as organic materials have advantages such as low cost, high optical transmittance, and simple fabrication processes [17, 18] . Moreover, different unique properties such as low loss and high electro-optic coefficient can be achieved by operating on molecular scale during The Q factor is a key parameter for the microring resonators and low loss will lead to a high Q factor. Therefore, the bend loss of the microring needs to be optimized. The relationship between bend loss and the microring radius, R, was simulated with Rsoft, and the result is shown in Figure 2 . It can be seen that the bend loss will decrease sharply and then tend to be 0 gradually with increasing radius. Figure 2 also shows that there is almost no extra bend loss when R = 220 μm, which was chosen as the radius of the microring resonator. The MMI coupler is based on the self-imaging effect and its operation principle can be described as below. The input optical field excites the modes in the multimode waveguide at the junction between input waveguide and multimode waveguide. At periodic intervals along the propagation direction, the modes will overlay with each other and finally form single or multiple images of the input optical field [29] . By placing output waveguides at the positions of the images, couplers with different coupling efficiencies can be obtained. The structure of the MMI coupler is shown in Figure 3 . L and W are the length and width of the multimode waveguide. D is the separation distance between the output ports. The Q factor is a key parameter for the microring resonators and low loss will lead to a high Q factor. Therefore, the bend loss of the microring needs to be optimized. The relationship between bend loss and the microring radius, R, was simulated with Rsoft, and the result is shown in Figure 2 . It can be seen that the bend loss will decrease sharply and then tend to be 0 gradually with increasing radius. Figure 2 also shows that there is almost no extra bend loss when R = 220 µm, which was chosen as the radius of the microring resonator. The Q factor is a key parameter for the microring resonators and low loss will lead to a high Q factor. Therefore, the bend loss of the microring needs to be optimized. The relationship between bend loss and the microring radius, R, was simulated with Rsoft, and the result is shown in Figure 2 . It can be seen that the bend loss will decrease sharply and then tend to be 0 gradually with increasing radius. Figure 2 also shows that there is almost no extra bend loss when R = 220 μm, which was chosen as the radius of the microring resonator. The MMI coupler is based on the self-imaging effect and its operation principle can be described as below. The input optical field excites the modes in the multimode waveguide at the junction between input waveguide and multimode waveguide. At periodic intervals along the propagation direction, the modes will overlay with each other and finally form single or multiple images of the input optical field [29] . By placing output waveguides at the positions of the images, couplers with different coupling efficiencies can be obtained. The structure of the MMI coupler is shown in Figure 3 . L and W are the length and width of the multimode waveguide. D is the separation distance between the output ports. The MMI coupler is based on the self-imaging effect and its operation principle can be described as below. The input optical field excites the modes in the multimode waveguide at the junction between input waveguide and multimode waveguide. At periodic intervals along the propagation direction, the modes will overlay with each other and finally form single or multiple images of the input optical field [29] . By placing output waveguides at the positions of the images, couplers with different coupling efficiencies can be obtained. The structure of the MMI coupler is shown in Figure 3 . L and W are the length and width of the multimode waveguide. D is the separation distance between the output ports. Appl. Sci. 2019, 9, For a 3 dB 2 × 2 MMI coupler, the length of the multimode waveguide can be calculated as:
where is the beat length of the two lowest-order modes and can be expressed as:
where and are the propagation constants of the fundamental and the first-order lateral modes, respectively, is the free-space wavelength, is the effective refractive index, and is the effective width of the multimode waveguide, which is approximately equal to W [29] . The separation between the input/output ports is D = W/3. The width of the multimode waveguide was designed as 9 μm, and the length could be calculated as 98 μm through Equation (1) . In order to calculate the exact value of the multimode waveguide length, the optimization was carried out through the beam propagation method (BPM). The relationship between the powers at the two output ports and the multimode waveguide length are illustrated in Figure 4 . It can be seen that both of the output powers increased and then decreased with increasing multimode waveguide length, and that a maximum value existed. The two output powers had the same value at L = 107 μm, which is not at the point of maximum values. However, low loss is more important than equal splitting ratio in our work. Therefore, L = 104 μm with the maximum values was chosen as the length of the multimode waveguide. There was a small difference between the result from calculation and simulation. This is because the effective width of the multimode For a 3 dB 2 × 2 MMI coupler, the length of the multimode waveguide can be calculated as:
where L π is the beat length of the two lowest-order modes and can be expressed as:
where β 0 and β 1 are the propagation constants of the fundamental and the first-order lateral modes, respectively, λ 0 is the free-space wavelength, n is the effective refractive index, and W e is the effective width of the multimode waveguide, which is approximately equal to W [29] . The separation between the input/output ports is D = W/3. The width of the multimode waveguide was designed as 9 µm, and the length could be calculated as 98 µm through Equation (1) . In order to calculate the exact value of the multimode waveguide length, the optimization was carried out through the beam propagation method (BPM). The relationship between the powers at the two output ports and the multimode waveguide length are illustrated in Figure 4 .
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Fabrication and Characterization.
UV Soft NIL, which is considered as cost-effective and allowing high throughput, was applied to fabricate the microring resonator. For conventional NIL, silicon and metal are normally utilized to fabricate the hard mold by etching. However, the etching process will result in surface roughness problems which increase the scattering loss of the waveguide. The hard mold in this article was prepared on a negative photoresist SU8 (MicroChemicals) by UV lithography in order to avoid the etching process. The preparation process can be described as below. First, the silicon wafer which was used as the substrate was carefully cleaned using pirahna and acetone. Before preparing the SU8 film, the Ti-prime (MicroChemicals) was spin-coated on the substrate in order to improve the adhesion and the uniformization of SU8 film. Then, the SU8 was spin-coated on the substrate with the spin speed 5600 rpm (rounds per minutes) for 40 s. The thickness was controlled to be about 980 nm by adjusting the spin-coating parameters. After two steps post-baking (65 °C for 2 min, 95 °C for 2 min), the UV exposure was carried out using the contact mask aligner, Süss MA6, and the highresolution mask. Then the sample was baked again using the same parameters as mentioned above. After 40 s developing, the patterns could be prepared on the substrate. At last, the thermal curing at 180 °C for 10 min was applied to make SU8 cross-linked and solidified completely.
The fabrication process of the soft mold is illustrated in Figure. 6a,b,c. Before fabrication, the PFPE acrylate should be prepared by mixing Irgacure 2022 photoinitiator (BASF) with Fluorolink MD 700 (Solvay Solexis) at the proportion 1:20. As the viscosity of the PFPE acrylate was not very high, the bubbles could be rejected out by about 20 min standing. Then the PFPE acrylate was cast on the top of the SU8 hard mask. A Polystyrene foil must be placed on the top of the PFPE acrylate in order to improve the mechanical stability. Afterwards, a roller was applied to press the foil in order to make sure the hard mask was fully filled by the PFPE acrylate and the patterns could be perfectly replicated. Different from the thermal curing of a PDMS soft mold, UV curing with 30 mW/cm 2 for 90 s was used for the PFPE soft mold, which simplified the curing process. After peeling off, the PFPE soft mold was prepared.
The imprinting processes are illustrated in Figure. 6d,e,f. The silicon wafer with SiO2 layer on the top was used as the substrate. The SiO2 layer with the thickness of 3 μm acted as the under cladding, which was thick enough to prevent the light leaking out from the waveguide. After carefully cleaning, the Ormoprime was spin-coated on the substrate in order to improve the adhesion and the uniformization of the OrmoCore layer. The OrmoCore needed to be diluted by the thinner maT with the proportion 1:2.3 in order to reach the desired thickness. Then the mixture was spin- 
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UV Soft NIL, which is considered as cost-effective and allowing high throughput, was applied to fabricate the microring resonator. For conventional NIL, silicon and metal are normally utilized to fabricate the hard mold by etching. However, the etching process will result in surface roughness problems which increase the scattering loss of the waveguide. The hard mold in this article was prepared on a negative photoresist SU8 (MicroChemicals) by UV lithography in order to avoid the etching process. The preparation process can be described as below. First, the silicon wafer which was used as the substrate was carefully cleaned using pirahna and acetone. Before preparing the SU8 film, the Ti-prime (MicroChemicals) was spin-coated on the substrate in order to improve the adhesion and the uniformization of SU8 film. Then, the SU8 was spin-coated on the substrate with the spin speed 5600 rpm (rounds per minutes) for 40 s. The thickness was controlled to be about 980 nm by adjusting the spin-coating parameters. After two steps post-baking (65 • C for 2 min, 95 • C for 2 min), the UV exposure was carried out using the contact mask aligner, Süss MA6, and the high-resolution mask. Then the sample was baked again using the same parameters as mentioned above. After 40 s developing, the patterns could be prepared on the substrate. At last, the thermal curing at 180 • C for 10 min was applied to make SU8 cross-linked and solidified completely.
The fabrication process of the soft mold is illustrated in Figure 6a -c. Before fabrication, the PFPE acrylate should be prepared by mixing Irgacure 2022 photoinitiator (BASF) with Fluorolink MD 700 (Solvay Solexis) at the proportion 1:20. As the viscosity of the PFPE acrylate was not very high, the bubbles could be rejected out by about 20 min standing. Then the PFPE acrylate was cast on the top of the SU8 hard mask. A Polystyrene foil must be placed on the top of the PFPE acrylate in order to improve the mechanical stability. Afterwards, a roller was applied to press the foil in order to make sure the hard mask was fully filled by the PFPE acrylate and the patterns could be perfectly replicated. Different from the thermal curing of a PDMS soft mold, UV curing with 30 mW/cm 2 for 90 s was used for the PFPE soft mold, which simplified the curing process. After peeling off, the PFPE soft mold was prepared.
The imprinting processes are illustrated in Figure 6d -f. The silicon wafer with SiO 2 layer on the top was used as the substrate. The SiO 2 layer with the thickness of 3 µm acted as the under cladding, which was thick enough to prevent the light leaking out from the waveguide. After carefully cleaning, the Ormoprime was spin-coated on the substrate in order to improve the adhesion and the uniformization of the OrmoCore layer. The OrmoCore needed to be diluted by the thinner maT with the proportion 1:2.3 in order to reach the desired thickness. Then the mixture was spin-coated on the substrate with 3000 rpm for 30 s, followed by thermal curing at 120 • C for 10 min. Afterwards, the PFPE soft mold was carefully placed on the OrmoCore layer. Extra pressure was not necessary as the capillary force was enough for the imprinting. UV curing was applied with a power of 30 mW/cm 2 for 2 min. After peeling off the soft mold, the patterns could be replicated on the OrmoCore layer. Then, the 150 • C thermal curing was applied for 3 h and the microring resonator was finally fabricated.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 9 coated on the substrate with 3000 rpm for 30 s, followed by thermal curing at 120 °C for 10 min. Afterwards, the PFPE soft mold was carefully placed on the OrmoCore layer. Extra pressure was not necessary as the capillary force was enough for the imprinting. UV curing was applied with a power of 30 mW/cm 2 for 2 min. After peeling off the soft mold, the patterns could be replicated on the OrmoCore layer. Then, the 150 °C thermal curing was applied for 3 h and the microring resonator was finally fabricated. The fabricated microring resonator was characterized using scanning electron microscopy. The top views of the entire microring and MMI coupler are shown in Figure 7a ,b, respectively. It can be seen that the microring resonator was prepared with UV Soft NIL with good quality. The crosssections of single-mode waveguide and multimode waveguide are shown in Figure 7b ,c. The parameters were almost the same as designed. Figure 7c also shows that the waveguide could be fabricated almost without residual layer. The thickness of the residual layer reached values as low as 40 nm by using "minimum polymer squeezing method" and exploring different monomers (MD 40 and MD 700) [30] . In this article, the proportion between OrmoCore and thinner maT which influences the viscosity is further optimized. After repeated experiments, the optimal proportion 1:2.3 was finally obtained. The fabricated microring resonator was characterized using scanning electron microscopy. The top views of the entire microring and MMI coupler are shown in Figure 7a ,b, respectively. It can be seen that the microring resonator was prepared with UV Soft NIL with good quality. The cross-sections of single-mode waveguide and multimode waveguide are shown in Figure 7b ,c. The parameters were almost the same as designed. Figure 7c also shows that the waveguide could be fabricated almost without residual layer. The thickness of the residual layer reached values as low as 40 nm by using "minimum polymer squeezing method" and exploring different monomers (MD 40 and MD 700) [30] . In this article, the proportion between OrmoCore and thinner maT which influences the viscosity is further optimized. After repeated experiments, the optimal proportion 1:2.3 was finally obtained.
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Measurement and Result Analysis
The schematic of the measurement setup for characterizing the fabricated microring resonator is given in Figure 8 . A tunable laser (Newport, with a wavelength range: 890-910 nm and 20 pm resolution) and a power meter were utilized to scan the spectrum of the microring resonator. Since the waveguide was much smaller than the standard fiber, there was a large mode mismatch loss between the polymer waveguide and fiber. In order to solve this problem, the light was launched and collected by tapered lensed fibers. The polarization controllers were applied so as to ensure the whole system operated in the TE mode. 
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A microring resonator was demonstrated on the cost-effective polymer platform. An MMI structure which has good fabrication tolerance was designed to couple the light between the microring and the straight waveguide. The polymer material, OrmoCore, which has a low absorption loss at short wavelengths was utilized. The radius and the structure of the MMI coupler were simulated and optimized using 3D BPM in order to reduce the total loss of the microring resonator. The microring resonator was prepared using a UV Soft NIL which is considered as low cost, with high throughput and high resolution. A new material, PFPE, which has very low surface energy was utilized to fabricate the soft mold instead of the PDMS material. The thickness of the residual layer was further reduced by optimizing the proportion of OrmoCore and its thinner maT. The fabricated microring resonator worked at about 890 nm, where the water absorption loss was low, and the lasers and the detectors were also cheap. The transmission was measured by a tunable laser and a power meter. The spectrum with 335 pm FSR and 11.6 dB ER was obtained. The Q factor as high as 2.3 × 10 4 has been shown. 
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